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ABSTRACT 
BACKGROUND 
A key parameter monitored in any critical care unit, for the hemodynamic 
stability of the patient, is the intra-arterial blood pressure. Despite the clear 
advantage of having real-time streaming data of this vital parameter, most 
practitioners are unaware of how erroneous this can be with the use of the 
current standard; the fluid-filled catheter-transducer system. 
OBJECTIVES 
1. To design a physical simulation that tests catheter-transducer systems, 
with changeable parameters, within physiological limits. 
2. To characterize the dynamic response of the catheter-transducer 
systems and identify the most appropriate configuration to test 
modifications of the catheter-tip. 
3. To modify the catheter-tip and compare its performance against a gold 
standard over the full range of the physiological limits of pressure and 
cycle rates.  
METHOD 
A carefully designed catheter-transducer testing system was constructed such 
that it covered the physiological limits of both heart rate and blood pressure. 
Dynamic response of each configuration was tested systematically and code 
was written to automate peak detection and calculation of natural frequencies 
and damping coefficients of any test of the step response. Configurations with 
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natural frequencies above 100 Hz were subsequently chosen to test catheters. 
The catheter-tip was modified such that the kinetic component of the flow was 
minimized in the recording. A tapered-tip configuration was compared to the 
standard over a range of operating frequencies and pressures, in both upstream 
and downstream orientations to flow. All sets were compared against the gold 
standard solid-state microtransducers, Millar’s catheter, by simultaneous 
recordings. Acquisition of data was done on the PowerLab by AD Instruments 
and analysis algorithms were implemented in MATLAB R2018a. 
RESULT 
The experimental setup designed proved consistent and covered the full range 
of physiological limits set. The algorithms to evaluate dynamic response 
showed repeatable performance for any flush test conducted. The 
modification of the tip showed no improvement over the standard tip for any 
parameter. 
CONCLUSION 
The modular nature of the testing system designed, affords the ability to 
simulate various scenarios of pressure recording, such as vasospasm, 
peripheral vasoconstriction and vasodilation.  The pitfalls in the catheter-
transducer system should be kept in mind while recording and steps should be 
taken to minimize them. Documentation of the dynamic response of the 
system is essential to prove the fidelity of the recording.  
Key words:  intra-arterial blood pressure, dynamic response
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1. INTRODUCTION 
Almost without exception, the young men and women who complete their 
professional education in the field of medicine, assume that their 
understanding of the pressures driving the cardiovascular system is complete 
and all the challenges that remain with respect to blood pressure are of the 
therapeutic nature; in the form of attempts to lower those values with the least 
collateral damage. It is only when we closely examine the science, and journey 
through it, that we realize how flawed our assumptions as practitioners are, 
and how little we really know about the phenomena around circulation. 
The question that we have set out to answer here takes birth from our 
examination of the established methods of non-invasively measuring blood 
pressure, namely the sphygmomanometer. In our attempts to improve on these 
methods, we realized that the invasive gold standard that we were about to 
compare them to, is itself riddled with inaccuracies. Inaccuracies that are rife 
in the clinical setting, of which, if at all, the quietly condoning intensivist is 
aware. 
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2. AIMS & OBJECTIVES 
2.1. Aim 
To compare arterial pressure measurements of the standard catheter-tip with 
an alternative catheter design in the fluid-filled catheter-transducer system. 
2.2. Objectives 
4. To design a physical simulation that tests catheter-transducer systems, 
with changeable parameters, within physiological limits. 
5. To characterize the dynamic response of the catheter-transducer 
systems and identify the most appropriate configuration to test 
modifications of catheter-tips on. 
6. To modify the catheter-tip and compare its performance against a gold 
standard over the full range of the physiological limits of pressure and 
cycle rates. 
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3. REVIEW OF LITERATURE 
3.1. The Life and Times of the Arterial Waveform 
As early as 1872, Mahomed, a physician renowned for his work with the 
arterial waveform, secondary hypertension, and early forms of big-data 
projects such as the Collective Investigation (1), ranked the pulse as the first 
in all the guides to a patient’s well-being. He insisted on the advantages of 
fully appreciating it and urged to realize the full potential of the information 
it imparts. Despite the almost one hundred and fifty years since this emphasis, 
our current clinical settings do not use the intra-arterial waveform beyond a 
moving-average of peaks and troughs. All other information is lost to 
oblivion, and not even recorded for posterity. 
The arterial waveform has lost its value mainly due to two problems: lack of 
acceptance and killer applications. The first problem is a conflict in 
acceptance of new views, such as usefulness of transfer functions, due to 
difficulties in acquiring high-fidelity measurements. The second problem is, 
to borrow a term outside this field, is the rise of killer applications; a 
technology that shifts practice and more or less kills all its contemporaries. 
For the arterial waveform, these were the electrocardiogram that took away 
the rate and the rhythm, and the dubious sphygmomanometer that took away 
the peaks and the troughs. 
Non-invasive methods to record the arterial waveform date back to the 
nineteenth century with the remarkable work of Marey (2) on the first practical 
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design, and by Mahomed on its clinical applications (3,4); a good twenty years 
before Riva Rocci’s description arrived at the scene. In the late 1940s, 
diagnostic cardiac catheterization was introduced and pressure gradient 
became a parameter of interest. Standardization of such carefully-done 
manometry was pioneered by Earl Wood at Mayo Clinic, who laid clear 
emphasis on the physics of the measuring system (5).  The killer applications 
here were imaging techniques. It became remarkably easier to visualize 
gradients by conducting echocardiography than to do it invasively. An 
invasive hemodynamic assessment, with a pressure gradient evaluation, is 
now reserved for only the most difficult of cases, such as suspected 
hypertrophic obstructive cardiomyopathy with discrepant clinical and 
imaging data (6). The principles of recording pressure in cardiac 
catheterization are now forgotten and ironically, these are less accurate than 
they were fifty years ago (5,7). 
With the rise of stroke volume and cardiac output estimation in critical care 
settings, the importance of arterial pressure waveform is becoming popular 
(8,9). However, for instance, concepts such as arterial impedance, 
augmentation index, or the use of the derivative ( 
𝑑𝑃
𝑑𝑡
 ) to quantify myocardial 
performance are yet to see popular usage beyond sporadic research. 
Understanding the cardiovascular system is much more complex than we are 
led to believe. It requires the sum of our collective knowledge in several 
disciplines. To list a few key concepts, one must understand the properties of 
a damped second order system, appreciate the behavior of waves and learn to 
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wield mathematical tools such as Fourier transformation without hesitation. 
The true appreciation of the information hidden in an arterial waveform could 
only done by a thorough, and at times Sisyphean, reading of the magnum opus, 
McDonald’s Blood Flow in Arteries (5). We humbly concede to our limited 
understanding of all the works of Womersley, McDonald and their able 
successors, and can only strive to understand the features that one can extract, 
understand and clinically correlate. 
3.2. The Damped Second Order System 
To accurately record the pressures of an arterial pulse, it is necessary to 
understand some theoretical aspects of the system (5,10). The manometer may 
be regarded as a damped second order system that oscillates around an 
equilibrium position when disturbed. One analogy we can draw is that of 
dropping a ball: the ball hits the floor and, after a few bounces of decreasing 
magnitude, stops. Now assume that we throw this ball to different heights in 
very quick successions and wish that this ball goes to the intended height 
every time, and be available for the next throw without any unwanted bounces 
in the hand. And if we were to chart every position of the ball, we desire to 
have a set of points that represent our intended heights perfectly and without 
missing any throw. This ball-air-gravity system will have to work independent 
of how close every throw is in time and should respond as soon as a throw is 
made. After reaching the correct height, we wish that ball does become 
available for our next throw as quickly as possible. This could be achieved by 
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having a restoring force (in our analogy, gravity) as high as possible without 
sacrificing the ability to throw at all.  
The ability for us to throw the ball as rapidly as possibly allowed by our ball-
air-gravity system, in terms of frequency (number of throws per second), is 
termed as the natural frequency of this system and will be referred to here by 
the symbol ωn. Furthermore, the ball needs to never bounce, or as little as 
possible, when it reaches our hand. This ability to damp the free bounce after 
the intentional throw is quantified by the term damping coefficient and will 
be referred to here by the symbol ζ. This damping will, however, also reduce 
the number of throws possible per second by a factor that is measured as the 
term damped frequency and will be referred to here by the symbol ωd. To 
complete our set, the frequency at which we wish to throw the ball will be 
called the driving frequency and will be referred to here by the symbol ωf. 
For the faithful reproduction of the force we have exerted in every throw, this 
system should fulfill three criteria (11). First, it should honestly reach the 
height of each throw in direct relation to the force, and be independent on how 
strong or weak, or fast or slow, the throw was. This is termed as amplitude 
linearity. Second, it should allow for every rate of throwing as humanly 
possible and not miss any throws because of being too slow. This is termed as 
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an adequate frequency response. Third, the reproduction of each throw 
should be as quickly as the throw has occurred, and be independent how strong 
or weak, or fast or slow, the throw was. This is termed as phase linearity. 
Keeping these concepts in mind, let us understand the modern manometer 
through a simplified model (10). As shown in figure 1, essentially, any 
catheter-transducer system today is a rigid catheter tube attached to a rigid 
dome with a diaphragm that will yield to the pressure it faces. Adding a 
Wheatstone bridge on to this diaphragm will help us measure the change in 
shape of the diaphragm as function of the change in resistance in that circuit. 
Thus, an applied pressure at the open end of the catheter, P(t) will translate to 
a displacement of volume, V(t) at the diaphragm. If one were to examine this 
along just the x axis, the kinetic equation of the fluid in the catheter would be 
expressed as 
l 
P(t) V(t) 
1 3 4 2 
Figure 1. Simplified model of a modern manometer. Element (1) is 
the diaphragm with elastance, K; (2) is the rigid dome; (3) is the rigid 
catheter with radius r and length l; (4) is the incompressible fluid in 
the tube with viscosity η and density ρ. Adopted from Togawa et al., 
Biomedical Sensors and Instruments, 2e. 
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𝐹 = 𝑚
𝑑2𝑥
𝑑𝑡2
+ 𝑐
𝑑𝑥
𝑑𝑡
+ 𝑘𝑥 (1) 
where 
 F is the external force 
 m is the mass of fluid in the catheter 
 c is resistance to flow 
 k is elastance 
Scrounging through a few books of physics and biomedical engineering (10–
12), we will find that the equation describing the behavior of any second order 
system looks like 
𝑥(𝑡) = 𝑎2
𝑑2𝑦(𝑡)
𝑑𝑡2
+ 𝑎1
𝑑𝑦(𝑡)
𝑑𝑡
+ 𝑎0𝑦(𝑡) (2) 
where a0, a1 and a2 are constants 
and that the frequency response, ωn , of such a system will be 
𝜔𝑛 =
1
2𝜋
√
𝑎0
𝑎2
 (3) 
and the damping coefficient, ζ , will be 
𝜁 =  
𝑎1
2√𝑎0𝑎2
 (4) 
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The parameters of equation (1) can be described purely in terms of the 
elemental characteristics of the simplified model as 
𝑚 =  𝜌𝜋𝑟2𝑙 (5) 
𝑐 =  8𝜂𝜋𝑙 (6) 
𝑘 =  𝜋𝑟4𝐾 (7) 
Making the appropriate substitutions, we get 
𝜔𝑛 =
1
2𝜋
√
𝑘
𝑚
=  
𝑟
2
√
𝐾
𝜋𝜌𝑙
 (8) 
𝜁 =  
𝑐
2√𝑚𝑘
=  
4𝜂𝑙
𝑟3√𝜋𝜌𝐾
 (9) 
It would be wise to pause here and absorb the influences of the dimensions of 
the catheter tube, the density and viscosity of the fluid inside the catheter, and 
the stiffness of the diaphragm on the natural frequency and the damping 
coefficient. 
The relationship between the damped frequency ωd , the natural frequency ωn 
, and the damping coefficient ζ is 
𝜔𝑑 = 𝜔𝑛√1 − 𝜁2 (10) 
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Figure 2. Response of an oscillator when its natural frequency, ωn, is 
damped to a value of the damping coefficient, ζ , forcing it to oscillate 
at a damped frequency, ωd . The dotted line represents the oscillating 
system when critically damped, i.e. ζ = 1. The solid line represents an 
underdamped system with ζ = 0.1, showing that it will freely oscillate 
around an equilibrium position, C, for a fixed amount of time before it 
can read the true value continuously. 
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3.3. Characterizing the Dynamic Response 
Second order systems can be characterized by performing a step response, i.e. 
a quick application or release of an input force (13). In the case of the catheter-
transducer system, a flush test is performed. The system is exposed to a high 
pressure and quickly released to the equilibrate to its steady state value. With 
just the waveform that ensues, one can calculate the dynamic response of this 
catheter-transducer system. This makes for a pretty convenient clinical 
translation. All catheter-transducer systems designed today have an inbuilt 
plunger and a connection such that a pressurized bag can be attached. All one 
needs to do is record and perform the flush test. 
If we were to comment on the height, y(t1) of the first peak at time t1 after the 
step response shown in figure 2, we could solve a version of Eq. 2 in terms of 
ωd , ωn , and ζ , and get 
𝑦(𝑡1) = 𝐶 [1 +
𝑒−𝜁
2𝜔𝑛𝑡1
√1 − 𝜁2
sin (√1 − 𝜁2𝜔𝑛𝑡1 − 𝜙)] (11) 
where ϕ is the phase shift and all the other symbols already described. 
At maxima, the sine component of the equation, will be –1 and one can write 
the ratio of the first peak at time t1 to the second peak at time t2 as  
𝑦(𝑡1)
𝑦(𝑡2)
=  
𝐶 [1 −
𝑒−𝜁
2𝜔𝑛𝑡1
√1 − 𝜁2
 ]
𝐶 [1 −
𝑒−𝜁
2𝜔𝑛𝑡2
√1 − 𝜁2
]
 (12) 
Solving this for ζωn , 
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𝜁𝜔𝑛 =  
(ln
𝑦(𝑡1) − 𝐶
𝑦(𝑡2) − 𝐶
)
𝑡2 − 𝑡1
 
(13) 
We also know that the damped frequency ωd can be directly calculated by 
𝜔𝑑 =  
2𝜋
𝑡2 − 𝑡1
 (14) 
Plugging in the values of ζωn and ωd from Eq. 13 and Eq. 14 in the relationship 
Eq. 10, and solve for ζ , we get  
𝜁 =  
1
√(
𝜔𝑑
𝜁𝜔𝑛
)
2
+ 1
 
(15) 
As we will now have the values of both ζ and ωd , ωn can now be solved using 
Eq. 10. 
3.4. Clinical Translation of the Dynamic Response 
The previous two subsections may look daunting to a clinician, and is at an 
understandable risk of being regarded as esoteric. Therefore, it is necessary to 
clarify the implications of the natural frequency and the damping coefficient 
of the recordings of intra-arterial waveform.  
The objective of recording any clinically relevant waveform is to give the 
clinician the true picture of the patient’s parameters. For the arterial 
waveform, this needs to be the true representation of every pulse; with an 
exact measure of the pressures achieved through the cycle, with minimum or 
no distortion in the shape of the wave, in either height or width of the 
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waveform. Furthermore, the delay in the event and its portrayal should be 
minimum or at the least, in synchrony (so that we can ignore it) (5). 
The driving frequency ωf , in the case of the arterial waveform, can be taken 
as the frequency form of the heart rate and the multiples of this value, that are 
Figure 3. The relationship between the natural frequency ωn , and 
the damping coefficient ζ. The five territories clearly demarcate 
the quality of the dynamic response of the catheter-transducer 
system. 
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termed its harmonics (12). The decomposition of the arterial pressure 
waveform into its constituent frequencies, i.e. by doing a Fourier analysis,  has 
been concluded to contain all its information within the sixth (5) or the eight 
(10) multiple of the frequency of the beating heart. No improvement in 
waveform morphology was appreciated beyond these values (14). In other 
words, the maximum frequency that our system needs to record honestly is 
not beyond 30 Hz and usually within 20 Hz.  
Gardner et al. had illustrated the behavior of the catheter-transducer system 
necessary for true arterial waveform recording through a simple graph with 
territories that we have attempted to portray in figure 3 (15). Hence, 
conducting a simple step response, in the form of a flush test, can easily lead 
us to conclude whether what we see is indeed what is happening. 
In the case of the desired natural frequency ωn of the system, the simplest 
answer is: as high as possible, and never below 10 Hz. If one examines Eq. 8, 
this could be achieved by making the diaphragm of the transducer as stiff as 
possible (increase elastance, K) and keeping the length of the tubing (l) as 
short as possible.  
In the case of the damping coefficient ζ of the system, we desire a value that 
keeps the amplitude of the pressure recorded as true as possible, with little or 
no distortion in its phase (5,10,15,16). Figure 4 illustrates the choices we have 
for a range of values of ζ.   
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If we examine the two plots in figure 5, we will realize that our desired natural 
frequency also needs a revision to account for the deviation of amplitude that 
will happen as the driving frequency ωf approaches the natural frequency ωn. 
We shall use the symbol γ to represent the ratio between ωf and ωn.  
The examination of these characteristics leads us to conclude that we are only 
safely recording true values well beyond the consideration of harmonics. 
Although the amplitudes of higher harmonics are comparatively small, our 
objective of recording true dictates us to be as far to the left as possible on the 
plots in figure 5. 
Figure 4 depicts how many free oscillations (just like our unwanted bounces) 
the system will take to achieve steady state values. A ζ of 0.707 gives a γ of 
zero and a relative amplitude within 2.0 percent for up to 50 percent of the 
undamped natural frequency. This value of ζ is called the critical damping.  
Not only should the waveform be recorded accurately, the composite of all its 
constituent frequencies need to be recorded without any changes in phase, i.e. 
undistorted. The value of ζ that can achieve this with minimum overshoot is 
0.64 and is called the optimal damping. Note that the wave will be undistorted 
but delayed in time. Unfortunately, achieving this value in a clinical setting is 
very difficult and, once achieved, very difficult to maintain (5). 
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Figure 4. Response to different values of the damping coefficient, ζ. The plots were generated by the equations mentioned, 
calculated for a natural frequency, ωn = 100 Hz. Note the time it takes to reach the equilibrium position with changing ζ.   
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Figure 5. Plots of the relative frequency γ, (
𝜔𝑓
𝜔𝑛
), to its relationship to relative amplitude and lag in phase with changing values 
of ζ. The vertical dashed line represents the point at which the driving frequency has reached 50% of the natural frequency of 
the system. 
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In routine clinical practice, these values are never achieved and all the 
dynamic response data lies in the zone of natural frequencies between 10 and 
30 Hz, and damping coefficients of around 0.2 and 0.4. Based on the territories 
in figure 3, the systems thus run either as underdamped or adequate, with 
occasional crossing into the optimal region (16–18).  
3.5. Artifacts in Pressure Recording 
The energy of the flowing blood has a kinetic component as well. This 
component is recorded in most scenarios as the catheter-tip is facing upstream. 
The flow waveform of an intra-arterial always occurs earlier than the 
respective pressure waveform, which means that the peak flow velocities 
precedes peak pressures. This artifact has fueled several decades of discussion 
over the origins of the anacrotic wave. In the case of an intra-arterial catheter 
at a peripheral vessel, the kinetic energy component forms only a small 
percentage of the overall pressure magnitude; for instance, a peak velocity of 
100 cm/s would translate to only 3.76 mmHg of pressure addition, but a peak 
velocity of 200 cm/s would mean an addition of 15 mmHg (5). However, it is 
important to note that the actual magnitude of the kinetic energy is more 
unpredictable than as stated above. Furthermore, the artifact has greater shares 
in measurements in the pulmonary circuits than in the systemic circulation 
(17). This phenomenon is termed as the end-pressure artifact and needs to be 
guarded against, especially in hyperdynamic states. 
The other less understood artifact that causes concern is termed as the 
catheter-impact artifact. The impact on the fluid-filled catheter creates 
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pressure transients by the virtue of the accelerations each beat creates. If any 
of these would coincide with natural frequency of the system, significantly 
incorrect amplitude will be recorded and thus distort the waveform. This 
problem becomes especially important when approaching the heart or when 
inside the heart. A point of comfort is that this artifact is rarely seen above 50 
Hz and brings us back to the conclusion on the natural frequency being as high 
as possible. Despite this conclusion, the very nature of being a fluid-filled 
catheter-transducer system, spuriously high values have been demonstrated 
when compared to solid state catheter-tip manometers (19). 
The trouble with fluid-filled catheter-transducer systems as recording 
instruments is that it does not have the setup-and-forget advantage that, for 
instance, an electrocardiogram has. Dynamic response should be checked and 
documented each and every time it is setup and then periodically to make sure 
that it has not run into trouble (16). The concern arises from the fall in the 
effective volume elasticity of the system (5), which, if you examine the 
equations in section 3.3, forms a key parameter in determining the natural 
frequency and damping of the system. Air trapping at any site in the plumbing 
is a cause of mighty concern as the effective volume elasticity will drastically 
fall, with significant reductions in natural frequency and increase in damping 
coefficients. The bubble artifact can send the system off target, and a bubble 
does not require to be macroscopically visible to do so (5,17,18). An 
inspection of the system does not always yield results as the bubble may be 
too small, or trapped in a connection or stopcock. 
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The lumen of the catheter is prone to have thin layers of fibrin depositing on 
them. This reduces the diameter of the catheter and increases the damping, it 
may have tolerable affects with respect to amplitudes, but the change in the 
damping coefficients will distort the wave due to changes in phase (5). The 
use of small doses of heparin (1 – 2 units/mL of saline) to prevent this has 
been studied (20–22) and found no significant improvement. The current 
recommendation is to not use heparin, as the risk of heparin-induced 
thrombocytopenia, even in this range of dosage, is real (17). Flushing of the 
system at regular intervals will help prevent fibrin deposition. However, that 
does increase the risk of introducing small air bubbles into the system (5). 
3.6. The Gold Standard of Intra-Arterial Pressure Recordings 
The fluid-filled catheter-transducer system can only be cautiously taken as a 
comparator to other methods. It will require careful setting up of the 
transducer, the plumbing that goes along with it, keen attention to reference 
points and zeroing, and strict absence of air bubbles in the system. An 
adequate frequency response needs to be periodically documented to make 
any study acceptable (5,16).  
All these problems have been allayed by replacing this system with solid state 
manometric devices. The catheter-tip itself houses the manometer, the 
microtransducer if you will, and is usually faced laterally to the stream. Over 
the four decades of its development, problems such as thermal sensitivity and 
fragility have been overcome, giving high-fidelity measurements with 
frequency responses in the kilohertz. These have thus become the gold 
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standard of pressure waveform recording with the Millar’s catheter hailed as 
its forerunner (5).  
Despite being claimed as being widely used in clinical and experimental 
laboratories, the catheter-tip manometers remain out of reach of critical care 
units because of the costs involved. It is yet to replace the fluid-filled catheter-
transducer systems which are cheap and disposable.  
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4. METHODOLOGY 
4.1. Test Parameters 
The experimental setup to test catheters should be able to achieve the 
following parameters: 
a. Peak pressures between 0 and 300 mmHg. 
b. Cycle Rates between 0.8 to 4 Hz (50 to 240 beats per minute). 
c. Ability to change diameter of the tubing in which the test is to be 
conducted. 
d. Ability to add catheter-tip manometers for simultaneous recordings. 
e. Ability to change the resistance downstream to affect changes in 
pressure waveforms. 
f. Ability to do all of the above consistently. 
4.2. Pump 
Usual catheter testing is done on pulse pressure generators such as the Biotek 
601A or its equivalent on the market (23). These have good reviews and are 
able to generate pressures and frequencies within physiologic limits 
consistently such that a reference catheter can serve as the control and 
comparator of the performance for the changes made. We did not have the 
good fortune of either acquiring one or even seeing one work. Attempts to 
make a variable stroke volume pump could only reach early stages of design 
and prototyping, and were not feasible in the timeframes we were working 
with. 
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Thus, we resorted to the use of a peristaltic pump that we had in our 
laboratories here. The Masterflex® L/S® Digital Standard Drive, Model 
7516-00, by Cole-Parmer Instrument Company was used as the pump for our 
setup. For the lack of standard company supplied tubing, we acquired 3 mm 
internal diameter plastic tubing to feed the fluid to the experiment. 
4.3. Final Setup of Experiment 
After some trial and error, we were able to achieve our set target parameters 
by using simple concepts of hydrodynamics. Both Bernoulli and Archimedes 
would be proud if we were their students. Figure 6 is a schematic of this setup.  
A description of each element is as follows: 
(1) Peristaltic Pump: The Masterflex as mentioned above was used. 
(2) Feed Reservoir: The fluid used to run the pump will be stored and fed 
to the pump from here. 
(3) Vessel Equivalent: For our normal vessel experiments tube similar to 
that feeding the pump was used, with an internal diameter of 3 mm. 
(4) Port for Millar: A port was created using a Tuohy-Borst adapter that 
allowed for insertion of a Millar’s catheter as well as maintain a leak-
proof setup. It served the purpose of simultaneously recording at the 
exact same spot where the catheter-tip of the test catheter will be 
positioned. 
(5) Pressurized Bag to Transducer: To prevent backflow and allow for 
flush tests to be regularly conducted, a bag with the same fluid as that 
in the setup was hung, pressurized to 300 mmHg. 
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(6) Collection Reservoir: An equilibrium pressure of around 100 mmHg 
was achieved by placing this reservoir, and the tube attached, at a fixed 
height with respect to the pump.  
(7) Variable Resistor: A micropipette (20 – 200 µL) cut to 90% of its 
length from the tip was used to control the downstream resistance to 
mimic peripheral resistance. 
(M) stands for the Millar catheter to be inserted. 
(CT) stands for the catheter-transducer system to be attached. 
(X) shows the point at which the pressure measurement is going to be 
made. This has been calculated such that the distance from the pressure 
head is the same during an upstream and a downstream recording. By 
simply detaching the tube marked (3) and reattaching it after switching its 
ends, we were able to record at exactly the same distance from the pressure 
head, in either direction of flow. 
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Figure 6. Final Experimental Setup, left: lateral view, right: top view. M shows the point of insertion of the Millar’s catheter 
and X marks the position inside the tube at which the tip of the catheter and the Millar’s will be placed for the recordings. See 
text for description of each element. 
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Figure 7 depicts the pressures achieved over the limits of frequency ranges 
that we have set. These recordings were done over a Millar’s catheter 
(description later), and we found no statistically significant difference 
between several runs of this setup. The little variation that we noticed, will 
always be balanced by simultaneously recording on a Millar’s catheter and 
compared across experiments through normalization against it. 
Figure 7. Pressures achieved by the experimental setup. The x axis 
of the graph depicts increasing cycle rates for fourteen different 
frequencies (0.9 to 4.2 Hz). The y axis denotes the peak and trough 
pressures achieved during each frequency run. 
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4.4. Creation of Access Port for the Catheter-tip 
Creating an access for the Millar’s was straightforward as the manufacturers 
supplied the special holders – the Tuohy-Borst adapters – that were needed to 
hold it in place without damaging it. The catheters used in the critical care 
units could also be inserted with ease as they were designed to be pushed over 
the needle. The challenge we faced was to insert a catheter-tip that was 
modified to our needs. Attempts to insert it over the needle just like the 
standard tip failed because tapering caused it to just roll up and never enter. 
The solution was to create a port independent of the need of a needle. This 
was solved by creating a port from the blunt cannulas used in angiography, 
Figure 8. Creation of Access Port. To do away with the problem of 
delivery of catheter, a borrowed blunt catheter of a Seldinger kit was 
modified to keep a patent access to the experiment, marked as element 
(1). The catheter-tip of fluid-filled catheter-transducer system (2) and 
the Millar’s catheter (3) were placed exactly at the same spot, marked 
by X. 
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that are used to perform the Seldinger technique of insertion. Once the access 
port was created, the rest of the cannula was chopped off so that it does not 
influence the characteristics of the catheter-transducer kit in any way. Any 
leaks that could take place from the port itself were sealed by using thread 
seal tape, same as the one used in standard plumbing needs for sealing pipe 
threads.  
4.5. Choice of Catheters 
The critical care units at our center use at least three different kinds of 
catheters. The most commonly used by the anesthesiologists, for setting up 
intra-arterial monitoring in patients admitted for intensive care, is the Vygon® 
Arterial Leadercath™ with an internal diameter of 0.9 mm (3 F) and a length 
of 8 cm. The catheter of these dimensions is used to cannulate the radial artery, 
which is the site of choice for intra-arterial pressure monitoring.  The direction 
of catheter will always be upstream, towards the heart. 
The gold standard against which all recordings of our experiments will be 
compared is the Millar’s catheter, SPR-320NR, polyurethane, single pressure 
sensor, straight, 140 cm, 2 F. It has a flat response of up to 1 kHz and served 
the purpose well. 
Note that we found no distortion of waveforms of either catheter when 
recordings were done simultaneously against those done independently. The 
size of the catheters in comparison to the diameter of the tube (3 mm) proved 
adequate to run simultaneous experiments. 
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4.6. Acquisition of Data 
Early runs of the experiments during standardization of this setup were done 
on our in-house acquisition systems, courtesy the department of 
bioengineering, the CMCdaq. Pressure amplifiers, also designed by our sister 
Figure 9. Creation of an adapter for the transducer to send signals 
to PowerLab. The transducer transmits over four wires, two for 
voltage and two for inputs. Simply following the color and 
numbering codes given here will convert the four-core cable to 
an 8-pin din. Connect the transducer to this setup through a four-
core connector. All the parts needed for this conversion were 
found at a local radio house. 
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department, proved valuable to the iterations of the setup. The plug and play 
nature of these amplifiers simplified experimentation considerably. 
However, upon the arrival of Millar’s catheter and the necessity to record 
simultaneously, we adopted the PowerLab®, PL3054, 4 channel recording 
system, by AD Instruments. The Millar’s catheter required a bridge amplifier, 
FE221, to interface with the Powerlab, also supplied by AD Instruments with 
the catheter. 
The next challenge we faced was to have the flexibility to test any transducer 
on the market. This meant we needed to make an adapter that could attach to 
the 8-pin dins provided as channels. With the knowledge from the data sheet, 
an engineer’s advice and patient soldering, we managed to create such an 
adapter which will transmit to the PowerLab. Figure 9 depicts this conversion 
and now we had the ability to switch transducers at will. 
The signals from both catheters could now be acquired on the PowerLab and 
recorded on a computer using the LabChart Pro v8.1.  
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4.6. Choice of Transducer 
We wished to stay true to the daily activities of our critical care units and 
chose the most commonly used transducer here, the iPeX™ Invasive Pressure 
Monitoring Kit, Model CMC-G, BKT-170, manufactured by B L Lifesciences 
Pvt. Ltd. The data sheet of this transducer reports a pressure range of  − 30 to 
300 mmHg and curiously reports a frequency response of 1200 Hz (24). 
Notwithstanding, we intended to record and calculate frequency responses 
Figure 10. The iPeX™ BKT-170 Transducer. Element marked (1) 
is the site of the of the sensor; (2) marks the plunger system used 
for the flush test; (3) is the cable that we have adapted previously 
to acquire from; (4) is the connection to the pressurized bag (P); 
(5) features the inbuilt three-way stopcock; (C) marks where the 
rest of the plumbing will attach. 
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independently, in different configurations of the full kit. Figure 10 depicts this 
transducer. 
4.7. Calculation of the Dynamic Response of the Catheter-Transducer System 
Once the setup is up and running, calculating the dynamic response of any run 
would be a matter of finding the correct peaks and calculating as per equations 
discussed in section 3.3. MATLAB R2018a was used to process our data, after 
being exported in .mat file format from LabChart. We were able to create a 
function that could derive the values of any selected flush test recording. 
Figure 11 is an example of such output. The important snippet of the function 
essential to get this is as follows:  
 
 
function [points,c,results] = flush_val_single(xp,fname) 
 
% Detection of peaks 
[y,x] = findpeaks(xp,… 
'MinPeakProminence',20,… 
'MinPeakHeight',0); 
 
y1 = y(2); y2 = y(3); x1 = x(2); x2 = x(3);  
 
points = [x1,y1;x2,y2]; 
c = xp(1,1); 
 
% Call of function to calculate 
results = flush_test(points,c); 
 
% Codes for plotting suppressed % 
 
end 
end 
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The features necessary to find peaks of the flush test are reasonably consistent 
with little or no change necessary to the parameters. The variable c holds the 
value of the equilibrium position for the flush test calculation. We noted that 
the best point for this is before the flush test has been conducted with the 
pumping off rather than running. Closing the catheter to the system or doing 
the flush test during the running of the pump introduces errors into the 
Figure 11. Detection of peaks of a flush test to calculate the ωn and ζ . 
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calculation due to erroneous estimates of the equilibrium position. This 
problem was recognized since the time of the first, and heavily-cited, paper 
by Gardner et al. They recommended the trough between the two peaks to be 
used as the point of equilibrium position which is now a common practice 
(15–17,25). However, we take this as an approximation and would like to 
report the dynamic response with the pump off; until a better method of 
estimating the equilibrium position is devised. Furthermore, for the bedside 
conducting of this test, it has been recommended to carry out the flush test 
such that the free oscillations will coincide with the diastolic run off (26). We 
find this impractical to implement across a range of heart rates but do 
 
function k = flush_test(j,c) 
 
x1 = j(1,1)./1000; % Sampling rate of 1kHz 
x2 = j(2,1)./1000;  
y1 = j(1,2); y2 = j(2,2);  
 
% Solving eq(14) 
fd = 1./(x2-x1); % Resonant Frequency 
fdrad = 2*pi*fd;  
 
% Solving eq(13) 
hfn = log(abs(y1-c)./abs(y2-c))./(x2-x1); 
 
% Solving eq(4) 
h = ((fdrad./hfn).^2+1).^-0.5; % Damping Factor 
 
% Solving eq(5) 
fnrad = fdrad./((1-h.^2).^0.5); 
fn = fnrad./(2*pi); % Natural Frequency 
k = [fn,h,fd]; % Output Array 
 
end 
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recognize that such an approximation will yield better estimates of c during 
recordings on patients. 
Once the peaks have been detected, equations from section 3.3 can be 
implemented with the code given in the previous page. 
The calculation will allow us to have the values of the dynamic response, i.e. 
the natural frequency, the damping coefficient and damped frequency for 
every flush done.  
4.8. Determination of Appropriate Configuration of the Catheter-Transducer 
Kit 
From our review of the equations of dynamic response mentioned in section 
3.3, we know that the natural frequency of the system is a function of the mass 
of the fluid involved in the oscillation. It would be moot to carry out 
experiments of modification of catheter-tips if we do not at the least have a 
minimum cut off for the natural frequency systems that will be used to test 
them. 
A full kit configuration has two or more stopcocks, one 244 cm long tubing 
with a sampling site, and a shorter 18 cm connector. Figure 12 is a schematic 
for the full kit setup. We systematically reduced the length of this kit, 
removing one piece at a time, and then gradually shortened the length of 
longest tube. With each instance of shortening we carried out sets of flush 
tests and charted their values. The configurations tested are as follows: 
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(i) C1 = 2SC + 1SS + l1 + lc 
(ii) C2 = 1SC + 1SS + l1 + lc 
(iii) C3 = 1SS + l1 + lc 
(iv) C4 = 1SS + l1  
(v) C5A-F = l2(A-F) 
(vi) C6 = lc 
(vii) C7 = Direct connection 
where  
SC is a stopcock 
SS is the sampling site 
l1 is the full length of the long tube 
l2A is the length of the long tube at 200 cm after the removal 
of the sampling site 
l2B-F are reductions in the long tube length by 25 cm per 
iteration up to 75 cm 
lc is the shorter connector tube. 
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Figure 12. Complete setup of the catheter-transducer system. The plumbing from the catheter to the transducer 
contains a couple of stopcocks, one long tube with a sampling site, and a shorter extension tube. (1) pressure 
transducer, (2) stopcocks, (3) long tubing of length 244 cm, (4) sampling site, (5) short connector tubing, (6) 
Catheter, (P) marks the inlet to the pressurized bag. 
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It should be noted that once the shortening of the long tube from l2A to l2F 
began, close attention had to be paid to the perfect apposition of the two cut 
ends. We experienced some reflection deformities in our waveform when our 
bridging element did not appose the two ends correctly and led to 
underestimation of the natural frequencies. 
Figure 13 shows the result of one such run. For the sake of curiosity, we also 
switched the catheter from the leadercath, a catheter 8 cm long, to an Insyte-
W™ 24GA, a catheter 1.9 cm long and plotted its natural frequency.  
With this data, we concluded that a natural frequency of 100 Hz, with a 
damping coefficient around 0.2 could easily be achieved using the Leadercath 
and lc as the connection between the catheter and transducer, namely 
configuration C6.
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Figure 13. Natural frequency v. reduction in length of the plumbing. A clear 
advantage was noted with the systematic dismantling of the full kit. The 18 cm 
connector (lc) was finally picked as the configuration of choice to move to the 
next step. Note that this transducer has been in use for at least two weeks; the 
starting position for C1 will be better with a newly unpacked system. 
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4.9. The Torrid Affair of the Bubbles 
  
Figure 14. Step Response of C1. This is a fresh transducer with full kit configuration 
in use. We added a minute, but visible, air bubble to the system to see its effect. 
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Air entrapment is a real cause of concern for any fluid-filled catheter-
transducer system, as discussed in section 3.5. We decided to quantify this 
problem and find ways to solve it. The fluid used for the complete setup as 
well as the catheter-transducer system was distilled water. A small bubble was 
introduced through the inbuilt stopcock of the transducer (element 5 of figure 
10). Dynamic response testing was done before the bubble, after introduction 
of the bubble, and finally after managing to remove it. The full kit of the 
catheter-transducer system (configuration C1) was used to run this 
experiment. 
State 
Natural Frequency, 
ωn (Hz) 
Damping Coefficient, 
ζ 
No Bubble 22.1 0.18 
Bubble Added 9.0 0.22 
Bubble Removed 20.04 0.20 
 
The drastic reduction in the natural frequency with a small increase in the 
damping coefficient gave us a striking lesson on the importance of carefully 
setting up our recording system when conducting an experiment. 
The removal of a bubble is a difficult task. Even in the experiment above, 
perhaps, we did not achieve complete removal of the bubbles; the natural 
frequency and damping coefficient did not reach the same levels as the initial 
values. In our experience at the critical care units, we have noticed that the 
intensivist resorts to flushing, checking for kinks and finally tapping the full 
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configuration when they suspect overdamping. Fortunately, a combination of 
flushes and taps across stopcocks and tube lines did help us remove bubbles 
and get the system close to its initial frequencies. The test here was intentional, 
but we did face similar troubles in actual runs; most frequently when the test 
catheter needed switching for the next series of tests.  
Figure 15. Effect of bubble on the natural frequency of the system. 
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4.10. Calibration of Catheters 
The standard operating procedure of Millar’s catheter requires a 30-minute 
warm up in 30 ̊C of saline or distilled water. The reason cited is that the 
recording might drift if this is not done. We took the manufacturer’s word on 
it and consistently followed this instruction for every recording.  
Both the Millar’s catheter as well as the transducer of our fluid-filled systems 
were calibrated before every test run, with an aneroid sphygmomanometer 
and tubing system provided with the Millar’s kit. The aneroid 
sphygmomanometer was confirmed to be accurate to the resolution of 2 
mmHg with a standard mercury manometer. Our adapter used the onboard 
amplifier of the PowerLab as the bridge amplifier had only one port, reserved 
for the microtransducer. 
The calibration was done with the two-point calibration method, as the 
exercise of repetitively doing multipoint calibrations was not only tedious but 
also prone to errors. We, however, insist on always calibrating prior to an 
experiment to ensure that no doubt can be cast on the recording. The two 
points we calibrated to were 100 mmHg and 80 mmHg. Agreement of the 
system was seen within +5 mmHg for pressures above 200 mmHg and under 
2 mmHg for pressures below.  
We do recognize the need to have a method of dynamic calibration but, due 
to a lack of time and infrastructure, were unable to incorporate it into this 
study. 
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4.11. Modification of the Catheter-tip 
Once objectives one and two were completed, as carefully as possible with 
the resources we had, we moved to designs of modifications to currently 
available catheters. We had chosen the Vygon Leadercath for the radial artery 
cannulation as the catheter of choice to conduct this proof of concept study, 
i.e. the third objective of this study. Two modifications were sort after. First, 
the tapering of the tip so that it records pressures with little contribution from 
the kinetic component of flow, without sacrificing its ability to remain stiff 
inside the stream. Second, the occlusion of the tip and creation of a lateral 
port. The tapered tip was easily achieved with a scalpel cutting from the edge 
of the mouth to, diametrically opposite, the wall of the catheter at a distance 
of 5 mm. The lateral port, however, could not be achieved consistently for two 
reasons: one, that the methods of occlusion could not either reliably close or 
close such that it would become difficult to deliver through the port we 
designed; and two, the lateral port could not be consistently and accurately be 
created if the first problem was solved. 
We thus carried out the experiments for objective 3 with the design shown in 
figure 16.  
Figure 16. Modification of catheter-tip to a tapered tip. 
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4.12. Test Design for the Modification of Catheter-tip 
Given that the experimental setup is modular in nature, we decided to keep 
some test parameters constant and only change relevant parameters. It was 
argued that for a catheter to accurately read pressures, the kinetic energy 
component should be at its minimum. In other words, the direction of the 
catheter-tip, upstream or downstream, should not really matter to pressures 
measured. Therefore, four test groups were created; a pair of opposite 
directions of flow for each of the tips. The table below helps visualize the test 
groups. Also, note the short forms used for each test group. 
 Upstream Downstream 
Standard Tip SA SF 
Modified Tip MA MF 
 
Four every test group, the pump ran for 14 different settings of pumping cycle 
rates and pressures. The table below shows the frequency of pumping (cycles 
per seconds, Hz) for each iteration. 
 SA SF MA MF 
1 0.99 0.99 0.98 0.99 
2 1.26 1.25 1.24 1.24 
3 1.49 1.51 1.50 1.49 
4 1.74 1.75 1.75 1.75 
5 2.00 2.00 2.01 1.96 
6 2.24 2.26 2.26 2.24 
7 2.48 2.51 2.51 2.54 
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8 2.79 2.81 2.72 2.89 
9 2.82 3.02 3.14 2.99 
10 3.33 3.22 3.24 3.26 
11 3.50 3.41 3.47 3.56 
12 3.73 3.75 3.76 3.77 
13 4.05 4.00 4.00 3.92 
14 4.27 4.26 4.26 4.18 
 
Running a one-way ANOVA, after proving normality, on this matrix, showed 
the differences in the running frequencies were not significant (p = 0.4). The 
subsequent sections will cover the statistical methods in detail. 
The resistance used was the same as mentioned in our standards (see section 
4.3) and the tubing was of 3 mm internal diameter, in close approximation to 
a radial artery. The height of the tube to the collection reservoir was of 
particular importance to make sure the equilibrium pressure was around 100 
mmHg. This was achieved by consistently attaching it to a marked position 
on the tube with the help of clip. 
The iPeX catheter-transducer system was used in the C6 configuration (see 
section 4.8) with the pressurized bag at 300 mmHg. 
The Millar’s catheter was prepped as described in section 4.10. Both the 
transducers, the Millar’s catheter and the iPeX, were calibrated before each 
run of the experiment. Calibration was done with extreme care, as discussed 
in section 4.10, and linearity within limits was confirmed.  
 49 
  
The same transducer was used for all 14 sets in all 4 configurations. The 
criteria for discard of the transducer was decided as a natural frequency 
response of below 100 Hz. A set of four flush tests were conducted at the 
beginning and end of every run of the experiment. If any experiment did not 
run at a minimum natural frequency of 100 Hz, it was discarded. 
The catheter was inserted through the port created and sealed with thread seal 
tape. The system was run to test for any leaks. After satisfactory proofing for 
leaks, the Millar’s was inserted through the Tuohy-Borst adapter (element 4, 
figure 6) and pushed forward up to the designated point of measure (marked 
X, figure 6). The adapter was secured and the pump run again to remove all 
air columns in the simulation. Having air in any section of the tubing, 
especially in the area around element 4, caused drastic changes in pressures 
achieved. 
Once the set up was ready, the experiment was run in combinations described 
below. 
The first set was labelled SA (Standard, Against) for the use of a standard tip 
with the catheter facing upstream to flow. 
The second set was labelled SF (Standard, For) for the use of a standard tip 
with the catheter facing downstream to flow. 
The third set was labelled MA (Modified, Against) for the use of the tapered 
tip with the catheter facing upstream to flow. 
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The fourth set was labelled MF (Modified, For) for the use of the tapered tip 
with the catheter facing downstream to flow. 
All four sets were subjected to all 14 cycle rates and a train of waves was 
recorded for each. The full experiment thus had 14x4x2 (112) sets of trains of 
waves for our analysis, not to mention the flush tests. 
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4.13. Analysis: Peak Detection  
Upon acquiring the data of all the experiments, the first step of analysis was 
to extract the values of peak and trough in terms of their amplitude and time. 
Most importantly, every trough should have its succeeding peak, making a set 
ready for further analysis. The important sections of the code that 
accomplished this task is given below. 
 
% Get all Peaks 
[pk1,lc1] = findpeaks(y1, 'MinPeakProminence',30,… 
'MinPeakHeight',120,… 
'MinPeakDistance',10); 
% Get all Troughs 
[pk2,lc2] = findpeaks(-y1, 'MinPeakProminence',30,… 
'MinPeakHeight',120,… 
'MinPeakDistance',10);  
 
% Group values and locations 
trg1 = -pk2; lpks = [pk1,lc1]; ltrg = [trg1,lc2];  
 
% Filter to trough-peak pairs 
n = size(ltrg,1); 
 
for m = 1:n  
 
x1 = find(pk1>trg1(n)) 
 
if isempty(x1) 
pks_n(m,1) = 0; 
% suppressed similar code % 
else 
pks_n(m,1) = lpks(min(x1),1); 
pks_n(m,2) = lpks(min(x1),2); 
l_up_t(m,1) = abs(ltrg(m,2) – lpks(min(x1),2)); 
l_amp(m,1) = abs(ltrg(m,1) – lpks(min(x1),1)); 
end 
end 
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Peaks and troughs were extracted for both Millar’s and the iPeX transducers 
and stored in the cell class variables. Amplitudes and rise times were 
calculated from this dataset and stored. The amplitudes of each wave on the 
iPeX transducer was normalized to its corresponding wave on the Millar’s 
transducer. This was done to ensure that any pump variability during the test 
was eliminated and enables comparisons across groups. 
  
Figure 17. Peak Detection. Pairs of troughs and peaks were 
extracted for the correct calculation of amplitude and rise time. 
This figure shows the waveform recorded from the Millar’s 
catheter with the pump at 2 Hz. 
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4.14. Analysis: Fourier Transformation 
Each train of waves was decomposed to its constituent frequencies to ascertain 
the frequencies we were recording in both the transducers. After figuring out 
the math required, accomplishing this task did prove to be quite simple. The 
code for accomplishing this task is given below. 
 
 
% For all 14 cycle rates in the SA group (Leadercath) 
% lcr_s_a is the cell class variable holding the full set  
% of waves 
 
for i = 1:14 
 
y = lcr_s_a{i,2}{1:10000,1}; % Get wavetrain 
Fs = 1000; % Sampling Rate 
Nsamps = length(y); 
t = (1/Fs)*(1:Nsamps); 
 
% Fourier Transformation of Wave 
 
y_fft = abs(fft(y)); 
y_fft = y_fft(1:Nsamps/2); 
f = Fs*(0:Nsamps/2-1)/Nsamps; 
 
% Store Fourier 
 
lcr_s_a{i,5}(:,1) = f(2:end)’; 
lcr_s_a{i,5}(:,2) = y_fft(2:end); 
 
% Frequency with maximum amplitude 
 
[~,fidx1] = max(y_fft(2:end)); 
lcr_s_a{i,6} = f(fidx1); 
 
end 
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Figure 18. Fourier transformation of the waveforms recorded on the Millar’s catheter. This example is 
taken from the 14 sets recorded in the SA group of the experiment.  
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Figure 19. Fourier transformation of the waveforms recorded on the Leadercath catheter. This example 
is taken from the 14 sets recorded in the SA group of the experiment. 
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On close examination figures 18 and 19, one can notice that the amplitude of 
frequencies above the operating frequency (see section 4.12) of the pump are 
higher in the Millar’s than those in the Leadercath recordings. Furthermore, 
the contribution of higher frequencies increased with increasing operating 
frequency. Frequencies above 50 Hz did not contribute significantly to the 
amplitude of the waveform. 
4.15. Analysis: Statistics 
The primary outcome of this study is the performance of the catheter in terms 
of the amplitudes achieved in comparison to the gold standard. Given that we 
have the gold standard waveform for every leadercath waveform in this whole 
experiment, we could essentially represent the amplitude as a ratio. The ratio 
of the leadercath amplitude to that of the Millar’s catheter amplitude will be a 
parameter that we can compare across the groups for all fourteen levels of 
frequencies. 
To decide on which statistical test to apply to our dataset. We first have to 
ascertain whether the values follow a normal distribution. We first constructed 
a normal probability plot (27) for datasets at successive steps of calculation. 
It was difficult to decide on normality of all datasets through this method. 
Hence, we adopted the Anderson-Darling test for normality to decide on the 
next test.  
Figure 20 shows an example normal probability plot. A straight line does go 
through most of the data in this example. Visual confirmation on this scale 
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was found to be tedious and error prone. The Anderson-Darling test (function 
adtest()) (28) for the normality of the amplitude ratios of each frequency for 
Figure 20. Normal probability plot. The example shown here is that 
of the troughs found in the SA group for the highest frequency. The 
function on MATLAB that constructs this is normplot().  
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each set can be found in the results section. After completing normality 
analysis of the data, we found that most of the data does not pass the 
Anderson-Darling normality test. Therefore, we used the non-parametric tests 
to conduct the next steps of analysis.  
The waveform data recorded on the Millar’s catheter was tested against the 
respective Leadercath data to ascertain whether the difference between the 
two was significant. This was done by applying the Mann-Whitney U test, 
also known as the Wilcoxon Rank-Sum test. The function to apply this test to 
our datasets was ranksum() (29). 
The mean amplitude ratios for each frequency was calculated for all four 
groups. To compare the grand means across two or more groups, the one-way 
analysis of variance is the statistical test to be administered. The non-
parametric equivalent of this test is the Kruskal-Wallis test. The function for 
this test is simply kruskalwallis() (30). We applied the Kruskal-Wallis test 
for all four groups.  
To understand the pairwise comparison of the results above, multiple 
comparison test was applied to the values from the Kruskal-Wallis. The 
function used for this test is multcompare() (31). To understand these tests 
and how to apply them, we recommend the use of the documentation for this 
software as a good starting block (32). 
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5. RESULTS 
The first objective of this study was completed by constructing a modular set 
up that met all the test parameters defined. The features of the setup have been 
extensively covered in section 4 with figure 6 representing the final 
experimental set up. 
The second objective of this study was fulfilled by the analysis of frequency 
response of twelve different configurations of the catheter-transducer kit and 
found that C6 was the best at meeting our needs. Section 4.8 and figure 13 
summarizes our findings. 
The results of the third objective of this study, the modification and 
comparison of catheter tips, shall be covered here. 
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Figure 21. Means of maximum and minimum pressures achieved in each experiment group. x axis represents the fourteen sets 
of frequencies that each group was subjected to (0.9 to 4.2 Hz). The panel on the left shows the Millar’s catheter and the one 
on the right shows the Leadercath in various combinations. SA: Standard, Against; SF: Standard, For; MA: Modified, Against; 
MF: Modified, For. 
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Figure 22. Standard tip groups. The waveform for the pump operated at 2 Hz. The panels on the left represent the waveform 
in its time domain and those on the right its frequency domain. The top panels are for the experiment group of the standard 
tip facing upstream (SA) and the bottom panels for downstream (SF). The dashed lines represent the corresponding gold 
standard waveform recorded on the Millar’s. 
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Figure 23. Modified tip groups. The waveform for the pump operated at 2 Hz. The panels on the left represent the waveform 
in its time domain and those on the right its frequency domain. The top panels are for the experiment group of the modified 
tip facing upstream (MA) and the bottom panels for downstream (MF). The dashed lines represent the corresponding gold 
standard waveform recorded on the Millar’s. 
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Means of Troughs 
Leadercath   Millar   Ratio 
SA SF MA MF   SA SF MA MF   SA SF MA MF 
66 56 59 54   65 66 68 66   1.021 0.849 0.874 0.818 
60 50 50 48   58 60 59 60   1.037 0.830 0.843 0.799 
58 41 43 39   55 51 52 51   1.049 0.805 0.831 0.771 
55 40 42 37   52 49 51 49   1.059 0.799 0.819 0.750 
46 35 35 31   42 45 44 44   1.097 0.782 0.794 0.719 
32 20 20 18   26 30 29 29   1.205 0.680 0.706 0.612 
18 5 6 3   11 14 14 13   1.584 0.373 0.453 0.203 
14 -2 -1 -5   7 7 7 5   2.069 -0.268 -0.099 -0.967 
16 0 4 -3   9 10 11 7   1.802 0.004 0.341 -0.417 
25 11 11 8   19 21 19 19   1.326 0.508 0.579 0.410 
32 21 22 18   27 33 30 30   1.198 0.653 0.709 0.601 
38 29 32 27   33 40 41 39   1.146 0.717 0.779 0.688 
46 33 41 31   43 45 51 44   1.076 0.736 0.805 0.713 
49 39 42 38   47 51 52 50   1.055 0.764 0.808 0.743 
 
Kruskal-Wallis test showed significant difference between the groups, p-value of 4.1 x 10-7. The second group of columns under the 
heading Millar represent the corresponding means of the values recorded on Millar’s catheter during that experiment.  
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Kruskal-Wallis test showed significant difference between the groups, p-value of 5.4 x 10-10. The second group of columns under the 
heading Millar represent the corresponding means of the values recorded on Millar’s catheter during that experiment.
Means of Peaks 
Leadercath   Millar   Ratio 
SA SF MA MF   SA SF MA MF   SA SF MA MF 
139 129 133 127   144 143 146 143   0.966 0.902 0.914 0.890 
162 153 157 151   169 169 172 169   0.959 0.906 0.912 0.895 
179 177 178 175   188 194 195 194   0.953 0.909 0.914 0.901 
190 186 185 185   199 204 203 205   0.952 0.911 0.913 0.900 
204 198 200 196   215 216 218 218   0.948 0.913 0.915 0.901 
221 213 214 214   233 234 234 236   0.945 0.912 0.915 0.905 
232 225 224 225   246 246 245 248   0.944 0.914 0.915 0.906 
240 229 232 230   255 251 254 254   0.944 0.914 0.916 0.906 
247 235 240 236   261 258 261 260   0.945 0.911 0.919 0.906 
254 241 246 244   269 265 268 268   0.943 0.911 0.919 0.908 
263 249 253 251   279 273 275 276   0.942 0.912 0.921 0.908 
271 257 260 258   287 281 282 284   0.943 0.915 0.923 0.909 
278 264 264 266   294 289 286 292   0.943 0.915 0.925 0.911 
285 273 274 273   302 298 295 299   0.944 0.917 0.927 0.913 
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Kruskal-Wallis test showed significant difference between the groups, p-value of 3.6 x 10-7. The second group of columns under the 
heading Millar represent the corresponding means of the values recorded on Millar’s catheter during that experiment
Means of Amplitudes 
Leadercath   Millar   Amplitude Ratio 
SA SF MA MF   SA SF MA MF   SA SF MA MF 
73 73 74 73   79 77 78 77   0.920 0.948 0.950 0.951 
102 103 107 103   111 109 112 109   0.917 0.948 0.949 0.947 
121 136 135 136   133 143 143 144   0.914 0.947 0.943 0.946 
135 146 144 148   148 154 152 156   0.914 0.947 0.945 0.947 
158 163 165 165   173 172 175 174   0.912 0.947 0.945 0.947 
189 193 194 196   207 204 206 207   0.912 0.946 0.944 0.946 
214 220 218 223   235 232 231 236   0.913 0.947 0.942 0.944 
226 231 233 235   248 244 247 249   0.913 0.946 0.943 0.944 
231 235 236 239   252 248 250 253   0.914 0.946 0.945 0.945 
229 231 235 236   251 244 249 250   0.915 0.947 0.945 0.945 
231 227 231 233   252 240 244 246   0.915 0.947 0.947 0.946 
233 228 228 231   254 240 240 244   0.917 0.948 0.948 0.945 
231 231 223 235   251 244 235 248   0.921 0.949 0.950 0.946 
236 234 232 236   256 246 243 249   0.923 0.949 0.953 0.947 
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Means of Means 
Leadercath   Millar   Amplitude Ratio 
SA SF MA MF   SA SF MA MF   SA SF MA MF 
107 96 99 94   109 109 110 109   0.979 0.886 0.901 0.869 
112 101 103 99   114 114 115 113   0.978 0.886 0.894 0.870 
116 105 107 103   119 118 120 119   0.975 0.885 0.894 0.869 
122 110 112 108   125 125 126 125   0.973 0.887 0.893 0.869 
127 116 118 114   131 131 132 131   0.969 0.889 0.894 0.868 
134 122 125 121   139 138 139 138   0.966 0.887 0.894 0.874 
140 129 131 128   146 145 146 146   0.963 0.889 0.896 0.877 
147 134 136 134   152 151 152 152   0.964 0.890 0.896 0.879 
152 139 142 139   158 157 158 158   0.962 0.887 0.900 0.879 
157 145 146 145   164 163 162 164   0.959 0.888 0.901 0.883 
163 151 153 151   170 170 169 171   0.957 0.889 0.903 0.884 
169 157 159 157   176 176 175 177   0.958 0.894 0.907 0.887 
175 164 165 164   183 183 182 184   0.958 0.895 0.908 0.890 
181 170 171 170   189 190 188 190   0.957 0.899 0.911 0.893 
 
Kruskal-Wallis test showed significant difference between the groups, p-value of 3.1 x 10-10. The second group of columns under the 
heading Millar represent the corresponding means of the values recorded on Millar’s catheter during the experiment.
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Figure 24. Boxplots of means of troughs, peaks and amplitudes. 
 68 
  
Figure 25. Boxplot of means of mean pressure. 
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The dynamic response for each group: 
 
 
Natural Frequency, 
ωn (Hz) 
Damping coefficient, 
ζ 
SA 113.02 0.18 
SF 145.87 0.20 
MA 128.40 0.22 
MF 146.12 0.21 
Figure 26. Natural frequency v. damping coefficient of the experiment. 
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6. DISCUSSION 
6.1. Objective 1: Physical Simulation 
In this study, we first set out to answer the question on how to test a catheter-
transducer system. Much of our initial effort was spent attempting to figure 
out how to push fluid across a tube at either a known value of pressure or flow. 
Attempts to create pumps through the help of engineering departments did not 
come to fruition. The solution we finally settle on was to create a simple 
system that achieves our target pressures within the target cycle rates, i.e. 
within physiologic limits, and measure the pressures against a miniature 
manometer that has come to be considered gold standard. 
Given that the design of the system is modular, various parameters can be 
tested. By changing the variable resistor to higher or lower diameters, we can 
create scenarios of increased or decreased peripheral resistance; though not 
included in this study. By changing the diameter of the tubing in which the 
point of interest lies, we can simulate arterial vasospasm as well as 
vasodilation. Furthermore, baseline pressures can be brought to higher values 
by simply increasing the height of the tube and collection reservoir.  
The adapter that we made through conversion of the four-core wire to an 8-
pin din permits to test various catheter-transducer systems on the market 
against the Millar’s catheter. This system can be used to clarify the dynamic 
response of all transducers used in the clinical setting and we recommend such 
studies should be periodically done especially if new hardware is being 
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introduced. Furthermore, this conversion could also be made the other way, 
with the Millar’s being adapted to the CMCdaq. However, that has not been 
attempted as yet. 
Based on the Millar’s catheter data, we were able to confirm that this design 
works consistently over frequencies of 0.9 to 4.2 Hz between pressures of 10 
to 300 mmHg. 
6.2. Objective 2: Characterization of Dynamic Response 
With the help of coding and understanding of the math involved, we are now 
able to calculate the dynamic response of any flush test conducted. This 
empowers us to regularly document the fidelity of our data and thus adds to 
strength to any study. The current standards to accept any intra-arterial 
recording essentially insists on the same; i.e. the need of step-response data in 
the beginning and in the end of any experiment (5). Even in the clinical 
settings, recommendations for optimization of the dynamic response have 
been stated clearly since the 90s (16).  
Emphasis is clearly laid on periodic checks. Any time the system has been 
opened, such as for zeroing, drawing of a sample or any changes made in the 
tubing, warrants a flush test and its documentation. Any suspected distortion 
or dampening of the waveform requires the validation of the dynamic 
response. Even when nothing seems amiss, a minimum eight-hourly test is 
recommended (16). 
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The most important step in optimizing the dynamic response is the plumbing. 
We feel that not much can be done to improve the damping coefficient. 
However, minimizing the number of stopcocks, usage of the least amount of 
pressure tubing and avoiding connectors at all costs, helps raise the natural 
frequency to the levels of adequate/optimal significantly. It should go without 
saying that the complete plumbing should have non-compliant tubing. 
Air entrapment is major cause of concern. It should be kept in mind that not 
air bubbles are visible with stopcocks and connectors major sites of 
entrapment. We faced this difficulty especially when switching catheters and 
reducing the size of the setup. The pressurized bag is important to keep a 
steady forward flow, reduces the risk of clot formations and simplifies the 
testing of the dynamic response, i.e. the flush test. 
We have not come across the use of damping adjustment devices and make 
no claim of understanding how it is used. A future course could be to explore 
such devices as well as air bubble detectors used in other fields. 
Another possible avenue for exploration here is the software correction of the 
arterial waveform. Attempts have been given mention (5) but no 
recommendations have been found for the adoption of such solutions. 
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6.3. Objective 3: Modification of Catheter-tip Design. 
 
Figure 27. Comparison of peak pressures achieved against the gold standard. The 
dashed line denotes line of 100% accuracy. Thus, the vertical distance of each data 
point from this line denotes the error in the reading. 
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Figure 28. Comparison of trough pressures achieved against the gold standard. The 
dashed line denotes line of 100% accuracy. Thus, the vertical distance of each data 
point from this line denotes the error in the reading. 
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Figure 29. Comparison of mean pressures achieved against the gold standard. The 
dashed line denotes line of 100% accuracy. Thus, the vertical distance of each data 
point from this line denotes the error in the reading. 
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The standard catheter-tip, when compared by amplitude ratios alone, 
underestimates the actual amplitude by an average of 92% whereas the other 
groups hover close to 95% on their estimates of the amplitude. However, we 
would be in error to simplify the result to such an extent. A closer look at the 
data tables in section 5 and figure 21, we realize that the standard tip is in 
fact the closest to estimates in not only the peaks but also the troughs. Peak 
pressures on an average, were estimated around 95% of the gold standard 
amplitude in the SA group. The other three groups performed worse with 
91%, 92% and 90% in SF, MA and MF groups respectively. Similarly, the 
SA group overestimated the trough pressures at an average of 127%, 
whereas the other groups underestimated this parameter at dismal 58%, 66% 
and 46%, on an average, for SF, MA and MF groups respectively. Estimates 
were especially off (over in SA group and under in all other groups) for 
pressures below 40 mmHg. This marginal decrease in peak estimates and 
drastic decreases in trough estimates resulted in the three comparator groups 
to perform better in amplitude ratios than the standard, upstream 
configuration of the tip.  
The mean pressures, calculated by integrating the area under the curve and 
dividing by the length of the cycle, proved to be the single best judge of the 
performance of the catheter. The SA group outperformed all three groups by 
estimating 96 – 98% across all operating frequencies. The best single value 
the other three groups had was 91%, with the most estimates in the late 80s. 
Figures 27, 28 and 29 outlines the meaningful conclusions of the dataset.  
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We did conduct meticulous calibration of both the transducers before every 
recording and confirmed good agreement on the equilibrium position of the 
system. As a conjecture, better results could have been found if a multipoint 
dynamic calibration of the device was done. However, no such instruction is 
given by the manufacturer which claims perfect linearity of 1.0 from – 30 to 
200 mmHg and 1.5 from 200 to 300 mmHg.   
A curious finding is the change in frequency response when the direction the 
catheter-tip is facing with respect to the direction of flow. In both the cases of 
catheter-tip shape, upstream frequency responses were significantly lower 
than downstream. Note that all flush tests were conducted with the pump 
turned off and the static pressure in the system at around 100 mmHg with the 
pressurized bag sending a flush at 300 mmHg. The change of the shape of 
catheter-tip also raised the natural frequency and damping coefficient of the 
system in upstream experiments but not such effect was noted on these two 
parameters in the downstream experiment.  
Although it did not prove to be a limitation to the study, having a pulse 
pressure generator could allow for a better range of driving of frequencies to 
the study. Such a system would have allowed us to saturate and go beyond the 
natural frequencies of the system and perhaps afford us plots such the two 
shown in figure 5. 
Animal models of this study, if carried out, will require a solution to the 
mechanism of delivery of the catheter correctly. The advantages of using clear 
tubing, and our own port system are lost when done in an animal model. For 
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this reason and from the findings of this study, we conclude that an animal 
model is not warranted unless some other design of the catheter-tip shows 
clear advantage in the physical model. 
A future course that can be taken with such studies is computer simulation of 
designs. Finite element modeling for cardiovascular systems may prove to be 
a faster method at improving both designing of solutions as well as 
understanding of the problem. We recommend such a course for anyone who 
wishes to pursue such fundamental questions. 
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7. CONCLUSION 
Recording true intra-arterial pressure by the fluid-filled catheter-transducer 
system is an intricate affair. It demands great care in its set up and constant 
vigilance in its maintenance. Any investigator who intends to record intra-
arterial pressures to study cardiovascular parameters must be aware of the 
pitfalls of the system. He should also be aware of the importance and 
optimization of the dynamic response for the consistency of the recording and 
be mindful of regularly testing its fidelity.  
For an intra-arterial recording on the peripheral arteries, the kinetic energy 
component is not significant to warrant a modification of the catheter-tip. Any 
improvement in the dynamic response has been done at the cost of additional 
instability to the system and is not recommended.  
The final solution to all the shortcomings of the fluid-filled catheter-
transducer system lies in improving the economics of manufacturing cheap 
single, use or easily recyclable, solid-state micromanometers that can compete 
at a similar price point as this system. Until such a leap, one can only trust the 
mean pressure value of a cycle with any confidence. 
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